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A hydraulic model investigation was conducted at a geometrically undistorted scale of 1:5, model to prototype . The purpose of the study was to test the use of tree stands as a possible method for protecting levee embankments from wave wash caused by wind-ru1d boat-generated waves. Incident wave heights ranging from 1.0 to 3 . 0 ft and wave periods of 2 . 0 , 2 . 5, and 3.0 sec were tested on a total of 12 different test plans. 
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ABSTRACT (Continued).
range of depths of tree stands using exclusively 4-in.-and 12-in.-diameter tree stems both with and without defoliated branch systems. The test results showed that for tree stems without branches the wave attenuation did not exceed a maxi mum of about 15 percent and on the average did not exceed about 9 percent. Tree stems with branch systems showed a maximum wave attenuation of about 45 percent, but the average wave attenuation did not exceed 15 percent • PLATES l and 2 1. This investigation was not designated as a study for a specific problem occurring in one area, but as a general investigation of the use of tree stands to help protect levee embankments along inland waterways from wave wash qaused by wind-and boatgenerated waves. The use of this native vegetation to attenuate wave attack on the levees during high river stages would produce benefits that are twofold. The obvious benefit would be the reduction in maintenance costs to repair the levees damaged by wave attack.
The other benefit would be the low initial and long-term maintenance costs related to the use of naturally occurring vegetation rather than conventional protection methods. In addition, the trees could then be controlled and harvested, and new stands planted, thereby producing a return on the investment. Cottonwood trees were selected for test simulation because of their fast growth rate and suitability to flood zone areas. Since there are an infinite number of tree patterns and spacings that could be employed in the prototype, the tests described herein were limited to one pattern and spacing, which was considered an optimum planting arrangement. cottonwoods, showed the average branch diameter to be 5/8 in . and 1-1/4 in. for 4-in.-and 12-in.-diameter trees, respectively . The angle the branches made with the stems of the trees ranged from 30 to 60 deg .
The horizontal distance measured from the center of the tree stem to the outer limits of the branch systems averaged 4 ft and 6 ft for the 4-in.-and 12-in .-diameter stems, respectively. On both the 4-in . and 12-in. tree stems, there was an average vertical distance of 2-1/2 ft between branch systems.
5 . Based on these data, the PVC pipe was drilled and hardwood dowel pins of appropriate length and diameter were inserted to produce the two styles of branch systems that were tested (Photos 3 and 4) .
Due to the high degree of variations and concentrations of tree foliage, the plans tested did not include modeling of the tree foliage .
6 . When either the 4-in . or 12-in. tree stems were tested with or without branches, they were anchored to the test flume floor in the pattern shown in Figure 2 . The pattern was continued for the three depths of tree stems (i.e., horizontal distance from the front row to the last row of trees) that were tested: 140, 300 , and 460 ft .
Test Facilities and Equipment
7. A portion of the 1-shaped wave flume (Figure 3 ) was used for all tests. The wave flume was equipped with a flap-type wave generator capable of producing monochromatic waves of various heights and periods.
The model trees were tested in an area 106 ft long and 15 ft wide (Figure 3) , and approximately 50ft from the wave generator . Changes in water-surface elevation (wave heights) as a function of time were measured as they entered and exi~ed each test depth of tree stems by electrical parallel-wire resistance type gages. The output of these gages was fed through an electrical amplifier-converter and then recorded on chart paper by an electrically operated oscillograph. All tests used a placement pattern identical to Figure 2 with an incident wave angle of 90 deg to the rows of trees. Incident wave heights ranging from approximately 1.0 to 3 . 0 ft for wave periods of 2 . 0 , 2 . 5 , and 3. 0 sec were tested for each of the 12 plans. A model water depth of 2 ft was used for all tests . For the wave heights and wave periods tested , this was sufficient depth to ensure that bottom friction would not play a significant part in the wave attenuation. However, to be sure that any dissipation due to flume effects (wall friction , bottom connections , etc .) was not included in the test results, wave attenuation without the trees in the flume was measured for the three tested depths of tree stems and subtracted from the total attenuation recorded during the tree tests . In this way, the final data only show the wave reduction due to the various depths of tree stems, with or without branches.
PART III: TESTS AND RESULTS
Test
Test Results
.
Numerical results of all test conditions run on Plans l -12 are listed in Table 1 and plotted on Plates 1 and 2. Photo 5 shows Plan 4 without water in the flume.* The two gages located in the background measured incident wave height, and the two gages in the foreground measured transmitted wave height. Plan 10, with and without water, is shown in Photos 6 and 7, respectively. The maximum depth of tree stems with branches (Plan 12) is shown with and without water in Photos 8 and 9, respectively.
10. Plans 1-6 showed very minimal wave attenuation for all three wave periods tested, but a general trend of increasing wave-height dissipation can be seen for decreasing wave period and increasing depth of tree stems. Somewhat larger wave attenuations, with the same general trend as shown by Plans 1-6, can be seen for Plans 7-12; however, the only significant decrease in wave height is shown by Plans 11 and 12 for the 2-sec wave period only.
11. In general, for the given wave conditions and designated tree pattern and spacing, wave attenuation by tree stems is not expected to exceed a maximum of about 15 percent and on the average will not exceed about 9 percent. For the same test conditions, wave attenuation through the tree branches is not expected to exceed a maximum of 45 percent and on the average will be closer to 15 percent.
12. Based on the limited tests conducted and since foliage was not represented, it is believed that results of these tests represent the lower limit of wave attenuation . Other types of trees or shrubs that have more concentrated branches may provide better wave attenuation.
Also, if a feasible means were found to model the foliage , and then verify that it was modeled correctly , a much higher wave attenuation might result. It should be kept in mind, however, that unless the trees or shrubs are evergreen, the wave attenuation produced by the foliage will be lost during the late fall and winter months. The foliage could also be stripped off by wave and current action during the spring and summer months.
* Photos 5-9 of the model were taken looking toward the wave generator.
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PART IV : CONCLUSIONS AND RECOMMENDATIONS Conclusions 13. Based on the tests conducted herein, it is concluded that wave attenuation by t r ee stems a l one , approximately 9 per cent , is not ver y effective and on the aver age would afford onl y minimum pr otection .
Wave attenuation through the branch system without foliage increases to about 15 percent on the average ; but again , this can only be considered minimum protection . For either of the tree schemes tested ' with or without branches, and considerable depth of tree stems (Plates 1 and 2) would be required to attenuate the proposed wave action effectively .
Recommendations
14 . It is realized that the model representation of the tree schemes reported herein was limited to a first approximation and does not represent all the detail parameters involved . For instance, foliage and small underbrush were purposely left out due to their indeterminate nature , which could only be verified by prototype attenuation data, and due to their supposable secondary effects on wave attenuation during the winter season . If prototype data existed to verify these parameters, the model would then become a more useful tool in the evaluation process .
Although the tests reported herein were a valuable first step in understanding the tree attenuation process , it is recommended that further insight be gained by conducting additional tests with foliage that are verified by at least one set of prototype attenuation data, or that a full-scale prototype study be conducted in which sufficient wave attenuation measurements are made to quantify the tree protection concept under varying conditions . 
